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SUMMARY 


The  F404  engine  in  the  F/A-18  is  representative  of  a  new  generation  of  military 
turbofan  engines.  The  features  of  the  engine  that  govern  its  performance  and 
contribute  to  its  maintainability  are  discussed.  The  intention  is  to  give  the 
non-specialist  an  appreciation  of  those  factors  materially  affecting  the  operation 
of  this  type  of  engine.  ^ 
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INTRODUCTION 


Tb<‘  ut'w  RAAF  fl^htct,  tL*‘  MrD<inu''ll  Dcmi^la<i  F/A-18  cau  rcf^ularly  lx*  srru  iu  tbi* 
skips  oxi'T  Avaliiii  auil  will  hr  a  roiniiioQ  sijfbt  arouud  Willianitown  aud  Tindal  Air  Forrc 
D.'vsps  well  iutci  tbo  21sl  Outury.  This  aircraft  nicaus  different  tbings  to  different  people, 
even  to  those  in  the  defence  aerospace  industry.  To  the  pilot  it  i.s  a  powerful  and  complex 
flyinfC  machine  full  of  modern  gadgetry  to  be  dutifully  mastered.  To  the  strategic  planner 
it  is  a  versatile  aud  flexible  weapons  platform  with  tremendous  potential.  The  electronics 
engineer  ran  proclaim  that  it  is  a  manifestation  of  the  influence  of  rapidly  developing  micro 
Computer  technology  although  he  will  be  tjuick  to  point  out  that  the  hardware  is  already 
outdated.  The  aerodynamirists  can  point  to  the  influence  of  the  cleanliness  of  the  design 
on  the  manoeuvring  aud  range  performance  of  the  aircraft.  The  control  man  w  ill  counter 
with  the  importance  of  the  programmable,  fly-by-wire  control  system  to  operation  and 
behaviour.  Materials  and  structures  personnel  will  emphasise  that  all  this  is  only  possible 
through  judicious  choice  of  advanced  materials  and  structural  concepts.  The  propulsion 
engineer  sees  it  as  symbol  of  the  subtle  importance  of  the  engine.  After  all,  the  jet  engine 
ushered  in  the  era  of  the  high  speed  aircraft  and  oflfective  airliners. 

The  RAAF  F/A-18  Hornets  are  powered  by  two  General  Electric  F404-GE-400  aug¬ 
mented  turbofan  engines,  Figure  1.  The  operation  of  this  engine  can  be  described  by  refer¬ 
ring  to  Figure  2.~The  3-stage  fan,  driven  by  the  low-pressure  turbine,  compresses  inlet  air 
that  subsequently  divides  into  the  bypass  and  core  flows.  Variable  inlet  guide  vanes  sched¬ 
ule  the  direction  of  the  flow  into  the  fan  as  a  function  of  rotational  speed.  The  core  flow 
is  further  compressed  for  entry  to  the  annular  combustor  by  the  compressor,  driven  by  the 
high-pressure  turbine.  Variable  inlet  guide  and  two  rows  of  stators  adjust  the  flow  direction 
as  a  function  of  corrected  compressor  speed.  After  expansion  through  the  turbines,  the  high 
temperature  gas  from  the  combustion  process  is  mixed  with  the  bypass  air  to  form  the  high 
speed  jet  out  of  the  exhaust  nozzle.  fVhen  operating  in  afterburning  mode,  the  speed  of 
this  jet  is  increased  by  additional  combustion  in  the  afterburner.^  The  exhaust  nozzle  has 
variable  area  to  allow  afterburning  without  materially  affecting  the  operation  of  the  core 
engine.  Nozzle  area  is  also  varied  during  non-afterburning  operation  to  obtain  optimum 
performance. 

This  engine  produces  over  10,000  lb  of  thrust  in  non-afterburning  operation  while  the 
maximum  thrust  is  in  the  ICOOO  lb  class.  These  and  other  leading  figures  are  listed  in 
Figure  3.  For  the  convenience  of  those  not  familiar  with  the  principal  characteristics  of 
large,  military  engines,  the  values  for  the  Pratt  S:  Whitney  TF30,  the  engine  in  the  Flllc, 
are  listed  for  comparison.  In  making  such  a  comparison,  it  should  be  remembered  that  the 
designers  of  the  F404  had  the  advantage  of  some  fifteen  years  of  advances  in  the  science 
and  technology  of  engine  design  over  their  TF30  counterparts.  In  addition,  they  designed 
against  a  specification  that  put  greater  accent  on  reliability,  durability  and  maintainability 
than  previously.  Figure  3  shows  the  bald  facts.  The  two  engines  are  comparable  in  thrust 
even  though  the  TF30  is  12%  longer,  9%  greater  in  diameter,  88%  heavier  and  uses  2% 
more  fuel. 

It  is  natural  to  wonder  how  much  this  affects  the  operation  of  an  aircraft  like  the  F/A- 
18.  The  TF30  could  not  be  fitted  into  this  aircraft  because  of  its  size  and  weight  so  we  can 
only  arrive  at  a  reasonable  comparison  by  considering  a  hypothetical,  scaled-down  version 
of  the  TF30  for  alternative  propubion  of  the  F/A-18.  This  engine  which  we  may  call  the 
TFH30  -  the  H  standing  for  hypothetical  -  is  presumed  to  work  to  the  same  cycle  parameters 
as  the  parent  engine  but  reduced  in  size  by  12%  to  fit  the  aircraft.  Its  characteristics  are 
compared  with  those  for  the  F404  in  Figure  4.  The  most  noteworthy  point  is  the  reduction 
in  thrust  in  non-afterbuming  operation  by  20%.  The  effects  of  the  installation  of  these 
hypothetical  engines  in  the  F/A-18  are  listed  in  Figure  5.  A  comparison  of  this  type  is 
based  upon  a  lot  of  assumptions  so  I  hope  that  experts  will  not  take  issue  with  the  detail: 
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till-  iiiti'iitinu  is  to  ^ivc  soiiif  imlicatiou  of  how  iinirL  <’ffi-rt  the  j>ro(tr(‘ss  in  <'ujtiuc  dcsipti 
ovor  the  past  Bftoi'u  years  has  hail  on  the  rapahility  of  fifthters. 

Voii  ran  sco  that  the  rauRo  perforinaure  of  a  typical  F /A-18  coutiRuratiou  is  C%  liotter 
with  the  F41)4  than  with  the  TFHSd.  4%  of  this  is  diie  to  the  lighter  weight  of  the  F4(I4 
and  2%  lieranse  of  its  hetter  fuel  economy,  as  represented  liy  the  sfc,  the  specific  fuel 
consiiiui>tion. 

The  range  performance  is  only  part  of  the  story.  Fighters  are  reliant  upon  their  maxi¬ 
mum  speed  to  a  large  extent.  A  typical  contigiiratiou  of  the  F /A-18  with  F404  would  reach 
a  m.Lximiim  Mach  Numher  alioiit  12%  greater  than  that  achievahle  by  the  TFH30  powered 
version  when  the  engines  are  operating  in  non-afterburning  mode.  A  lot  of  this  difference 
in  I'erformance  is  attriluitable  to  the  difference  in  power  to  weight  ratio  of  the  two  versions. 
It  is  shown  in  Figure  5  that  the  TFH30  powered  version  has  a  25%  lower  ratio  than  the  real 
version. 

These  flgure.s  show  the  .superiority  of  the  F404  over  the  TFH30  as  a  propulsor.  It  is 
expected  that  the  F404  will  also  show  superior  operability,  reliability,  maintainability  and 
ilurability  over  previous  engines  because  of  design  requirements.  An  interesting  question  is 
w  hat  attributes  of  its  design  contribute  to  these  qualities.  I  shall  attempt  to  provide  some 
answers  to  this  question. 

DEVELOPMENT 

Before  doing  so  it  is  appropriate  to  look  at  the  genesis  of  this  engine  as  it  has  an  im¬ 
portant  influence  on  its  characteristics.  It  started  out  as  the  YJIOI,  the  General  Electric 
contender  for  the  propulsor  for  the  US  Air  Force  lightweight  fighter.  Included  in  the  design 
objectives  were  stall-free  operation,  particularly  under  extreme  transient  manoeuvres,  and 
afterburner  light  off  and  operation  throughout  the  aircraft  operating  envelope.  The  per¬ 
formance  was  optimised  for  ma.ximum  thrust  at  subsonic  altitude  combat  conditions  while 
a  chance  was  taken  in  deciding  to  use  three  stages  in  the  fan  rather  than  four  because  of 
the  potential  weight  and  cost  advantages.  A  single-stage,  low  pressure  turbine  was  selected 
instead  of  two  stages  for  similar  reasons.  The  Preliminary  Flight  Rating  Test  (PFRT)  of 
December  1973  came  after  only  1000  hours  of  running,  rather  than  the  more  normal  3000 
hours,  due  to  the  careful  definition  of  the  development  program.  Seven  engines  were  pro¬ 
duced  for  flight  testing  in  1974  of  the  YF-17,  the  fore-runner  of  the  F/A-18.  A  significant 
factor  in  the  ensuring  288  flights  was  the  absence  of  in-flight  stalls  and  blowouts.  This 
test  program  provided  continuously  recorded  data  on  engine  power  usage  which  yielded,  on 
analysis,  information  on  time  at  temperature  as  well  as  transient  throttle  movements:  infor¬ 
mation  important  in  establishing  life  usage  of  engine  components  due  to  low  cycle  fatigue. 

In  the  period  between  the  YF-17  program  and  the  selection  of  the  F/A-18  as  the  new 
US  Navy  strike  fighter.  General  Electric  availed  themselves  of  the  opportunity  to  redesign 
the  engine,  to  simplify  it,  to  improve  reliability  and  to  improve  maintainabilty.  An  example 
of  what  was  accomplished  is  illustrated  in  Figure  6.  21  fewer  parts  were  employed  in 
the  revised  C-sump  with  savings  in  weight,  cost  and  maintenance  complexity.  The  US 
Navy  then  adopted  a  new  approach  in  setting  the  requirements  for  the  subsequent  full- 
scale  development  program.  In  placing  emphasis  on  operational  suitability,  reliability  and 
maintainability  rather  than  performance  and  weight.  Figure  7,  they  included  some  new 
elements  in  the  development  plan: 

•  engine  power  usage  definition 

•  150  hr.  Endurance  Test 

•  Simulated  Mission  Endurance  Test  (SMET) 

•  Accelerated  Service  Test  (AST) 

•  Failure  Modes  Effects  and  Criticality  Analysis  (FMECA) 

•  In-flight  Engine  Condition  Monitoring  System  (lECMS) 


The  YF-17  flight  tost  proRrani  hail  yh'hlod  tho  first  runtiniiiiusly  rociiriinl  data  <iu 
I'ugiui'  piiwrr  nsa(ti'.  Thp  value  of  this  in  achieving  the  desired  durability  was  recognised 
in  formulating  the  F4I)4  Full  Scale  Development  (FSD)  program.  The  Endurance  Test, 
Conducted  in  the  altitude  test  cell  at  N’APtJ,  was  scheduled  to  include  those  regimes  im- 
jMirtant  to  the  F /A-18.  including  Mach  l.C  operation  at  35()(H)  feet,  the  regime  representing 

ma. \iimim  severity  to  engine  hot  parts.  The  SMET,  l)ased  on  design  mission  profiles,  was 
used  to  demonstrate  engine  durability  and  was  completed  on  schedule  in  July  1980.  The 
•YST  encompassed  1000  hours  of  in-flight  operation  and  was  intended  to  prove  reliability 
and  maintainability  whilst  establishing  actual  mission  profiles.  The  application  of  FNfEC.Y 
during  initial  design  of  the  F404  enabled  critical  problems  to  be  defined  and  corrected. 
Reliability  features  designed  into  the  engine  are  summarised  in  Figure  8. 

Comprehensive  testing  of  the  engine  was  carried  out  in  sea-level  and  altitude  test  cells 
during  this  development  program.  Much  of  it  was  devoted  to  tuning  the  control  system 
to  achieve  optimum  engine  operation  and  to  establishing  inlet/engine  compatibility.  Both 
steady  and  dynamic  distortion  patterns  were  generated  at  NAPC,  the  latter  by  the  Random 
Frequency  Cienerator,  to  simulate  the  flow  into  the  engine  under  extreme  operating  condi¬ 
tions.  However,  fuel  pulsing  had  to  be  employed  to  cause  the  engine  to  stall  under  these 
conditions  and  recovery  was  automatic.  This  work  complemented  the  extensive  wind  tunnel 
testing  carried  out  in  developing  the  intake  for  the  F /A-18  to  produce  little  distortion  during 
high  angle  of  attack  operation  at  low  speeds  while  having  good  pressure  recovery  during 
supersonic  operation.  Inlet/engine  compatibility  has  received  a  lot  of  attention  following 
the  problems  encountered  with  the  Fill  in  the  early  1960s.  The  subsequent  F/A-18  flight 
trials,  beginning  November  1978,  conflrmed  that  engine  operation  was  stall  free  over  the  de¬ 
sign  manoeuver  envelope.  The  results  of  these  triads  are  summarised  in  Figure  9.  Note  that 
an  aircradt  attitude  exceeding  90  degrees  was  temporairily  attained  without  causing  engine 
stall.  The  data  on  afterburner  operation  conflrms  expectations  for  a  low  bypass  engine. 

The  AST  was  set  back  when  the  aircraft  being  used  crashed  at  Famborough  in  late 
1981.  However,  the  program  recommenced  with  another  aircraft  and  it  has  served  to  show 
how  the  operation  of  the  aircraft,  and  the  engines,  can  differ  appreciably  from  what  was 
anticipated,  with  important  implications  in  relation  to  logistic  and  durability  factors.  For 
example,  time  at  maximum  temperature  was  found  to  be  about  60%  more  than  that  used  in 
the  original  life  analyses.  Further,  afterburner  light-ups  were  up  60%  as  well.  US  Navy  and 
Canadian  operational  experience  has  tended  to  confirm  these  trends.  The  AST  program 
is  now  being  supported  by  a  Lead  the  Fleet  program  (figure  10)  in  which  accelerated  field 
usage  is  obtained  on  selected  engines  that  are  closely  monitored  for  failure,  wear  and  life 
usage.  This  b  backed  by  a  factory  program  for  proving  the  durability  of  components. 

The  F/A-18  entered  service  with  the  US  Navy  in  early  1981,  the  CF18  with  the  Cana¬ 
dian  Defence  Forces  in  1983  and  the  RAAF  are  starting  pilot  training  at  20CU  about  now. 
The  program  status  is  summarised  in  Figure  10  whUe  that  of  the  F404  is  given  in  Figure 

ll.  These  figures  were  current  last  September  so  the  engine  probably  has  about  250,000 
flight  hours  up  now.  The  planned  production  of  the  F404  is  shown  in  Figure  12.  Assembly 
of  engines  down  at  CAC  will  be  at  a  rate  of  about  20  per  annum. 

FEATURES 

The  F404  has  a  bypass  ratio  of  0.34:1.  That  b,  the  flow  through  the  bypass  duct  b  34% 
of  that  through  the  core  engine.  A  high  bypass  ratio  improves  the  fuel  economy,  as  evidenced 
by  the  high  ratios  of  the  large  civil  engines  in  such  weraft  as  the  Boeing  747,  DCIO,  LlOll 
and  Airbus.  Even  the  TF30  has  a  ratio  of  1.1:1.  Thus  the  bypass  ratio  of  the  F404  b 
low  even  by  military  standards.  In  fact  it  b  often  called  a  leaky  turbojet  rather  than  a 
turbofan.  The  consequential  loss  in  fuel  economy  b  offset  by  the  rapid  response  to  throttle 
operation  and  more  reliable  afterburner  light  up  that  are  fundamental  characteristics  of 
low  bypass  engines.  Figure  15  notes  the  expectation  of  General  Electric  of  the  influence 
of  these  characteristics  on  the  operational  suitability  of  the  engine.  There  are  reasons  to 
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hriiovc  that  these  expertations  are  jiislifled.  These  features  make  the  F404  more  suitable 
for  fifchter  aircraft  while  the  TF311  is  better  suited  to  strike  aircraft  where  range  is  of  prime 
importance. 

The  pressure  ratio  is  another  important  parameter  a.s  it  has  a  significant  effect  on 
the  performance  through  its  influence  on  the  thermal  efficiency.  However  it  is  limited  by 
operability  and  mechauicai  considerations.  The  F404  achieves  the  high  pressure  ratio  of  25:1 
in  3  fan  stages  and  7  compressor  stages,  shown  in  Figure  IG.  In  contrast,  the  TF30  needs 
16  stages  overall  to  achieve  a  pressure  ratio  of  17:1.  That  is,  the  F404  has  an  average  stage 
temperature  rise  of  52  C  compared  to  about  30  C  for  typical  military  engines  of  the  previous 
generation.  This  stage  temperature  rise  is  a  mea.sure  of  the  amount  of  energy  the  compressor 
blading  is  able  to  impart  to  each  unit  of  flow  through  the  compressor.  It  is  a  combination 
of  the  aerodynamic  design  of  the  blading  and  of  the  speed  of  rotation  of  the  rotors.  As  an 
ex  specialist  in  compressor  aerodynamics,  I  found  it  interesting  to  note  the  developments  in 
the  aerodynamic  design  of  both  fan  and  compressor  of  the  F404,  including  such  aspects  as 
wide  chord  blades  and  the  three-dimensional,  rather  than  quasi  two-dimensional,  design  of 
the  fan.  Figure  17  brings  this  point  out  clearly.  However,  1  would  be  giving  a  bia.sed  view  if 
I  did  not  comment  upon  the  importance  of  the  materials  employed  -  largely  Titanium  -  and 
of  the  advances  in  mechanical  design  to  the  attmnment  of  thb  high  rate  of  compression.  To 
illustrate,  the  TF30  has  a  maximum  tip  speed  of  1488  ft/scc  while  1592  ft/sec  is  attained 
in  the  P404.  Doth  the  stage  temperature  rise  and  the  centrifugal  stresses  are  proportional 
to  the  tip  speed  squared! 

In  the  design  process,  there  is  generally  a  requirement  to  compromise  between  the 
operating  pressure  rise  and  the  stall  margin,  as  illustrated  in  Figure  18  which  depicts  the 
speed  characteristic  of  the  fan.  The  selection  of  the  stage  pressure  rise  to  match  with 
other  stages  has  to  be  a  judicious  choice  between  getting  the  most  out  of  the  blading  and 
retaining  a  reasonable  margin  between  the  operating  point  and  the  stall  line.  In  view  of 
the  high  pressure  rise  per  stage,  it  came  as  a  surprise  to  find  that  both  the  fan  and  the 
compressor  have  good  stall  margins  and  so  are  able  to  withstand  disturbances  emanating 
from  in  front  -  the  aircraft  intake  -  and  behind  -  pressure  pubes  from  the  afterburner  •  with 
equanimity,  as  demonstrated  in  tests,  in  flight  trials  and  in  operations. 

The  annular  combustor  employed  b  an  adaption  of  the  well  proven  design  in  the  CF6 
series  of  civil  engines.  Eighteen  fuel  nozzles  supply  fuel  directly  into  the  forward  part  of 
the  combustion  liner  (Figure  19)  which  contains  matching  swirlers  to  facilitate  atomization 
of  the  fuel.  A  pattern  of  inner  and  outer  louvers  and  dilution  boles  in  the  liner  causes  the 
cooling  air  (Figure  20)  to  mux  with  the  products  of  combustion. 

The  other  main  parameter  of  the  gas  turbine  performance  cycle  b  the  turbine  inlet 
temperature  -  the  temperature  of  the  hot  efflux  from  the  combustor.  There  is  a  requirement 
to  maximbe  thb  value  within  applicable  constraints  in  order  to  get  high  thermal  efficiency 
and  specific  thrust.  The  major  constraint  b  the  achievement  of  good  durability  of  the  hot 
end  components  -  nozzle  guide  vanes,  rotor  blades,  dbks  and  seab.  The  F404  has  a  turbine 
inlet  temperature  higher  than  any  other  operational  military  engine  yet  the  durability  of  its 
hot  end  components  b  predicted  to  far  exceed  that  for  earlier  engines.  Thb  b  achieved  by 
a  combination  of  a  complex  cooling  system  for  these  components  with  the  use  of  advanced 
materiab  •  powdered  super  alloys  and  directionally  solidified  blading  material.  The  cooling 
flow  through  the  engine  b  shown  in  Figure  21  while  Figure  22  illustrates  the  complexity 
of  the  cooling  passages  in  the  high  pressure  turbine  blading.  Convection,  impingement 
and  film  cooling  b  utilbed.  All  the  blading  in  the  turbine  stages,  high  pressure  and  low 
pressure,  stationary  and  rotating,  are  cooled,  as  well  as  rotors,  cooling  plates,  blade  and 
vane  platforms  and  shrouds.  To  further  illustrate  the  importance  of  cooling,  some  11%  of 
the  air  out  of  the  compressor  b  used  to  cool  the  high  pressure  nozzle  guide  vanes.  Because 
of  the  high  pressure  ratio,  this  air  b  rather  hot  -  520  C  -  so  its  cooling  effectiveness  b  more 
dependent  upon  quantity  than  quality! 
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1  oxjx'rt  that  a  uviniher  of  you  have  uoted  that  thi!i  ongiup  is  <iiiitp  iiuiisiia)  iu  that  it 
has  only  ouo  high  iircssuto  turhiup  stage.  Figure  23,  ami  one  low  pressure  stage.  Figure 
24,  As  inentioued  earlier,  this  was  done  to  keep  the  parts  count  down  in  order  to  reduce 
Costs  and  improve  maiutainahility.  In  part  it  caused  a  reduction  in  turbine  efficiency  with 
its  conse<|ueutial  effect  on  performance.  However,  it  would  not  have  been  possible  without 
significant  advances  iu  material  characterLsation.  mech,anir.al  design.  he,at  transfer  and  tur¬ 
bine  aerodyn,amirs,  including  bound.ar>'  hayer  development.  For  example.  Figure  25  shows 
the  improvement  expected  by  substituting  DSR8II  for  Rene  125  in  the  high  pressure  turbine 
bl.ades.  This  is  eijuiv.alent  to  doubling  the  life  of  these  bl.ades. 

One  of  the  most  important  developments  h.as  been  .an  appreciation  of  the  influence  of 
low  cycle  fatgue  on  the  life  of  such  engine  components  as  turbine  rotor  bl.adiug,  disks  and 
seals.  This  has  led  to  the  development  of  design  methods  that  enable  extended  usage  to 
be  obt.ained  from  such  components,  despite  the  severity  of  their  usage.  For  example,  these 
turbine  bbades  are  subject  to  high  centifug.al  and,  in  particular,  thermal  loads  as  the  engine  is 
cycled  through  a  range  of  throttle  settings.  The  condition  of  the  blades  is  inferred  by  counts 
accumulated  in  the  aircr,aft  mission  computer  using  an  algorithm  based  on  the  temperature 
of  the  turbine  exhaust  gas.  When  the  count,  c,alled  Equivalent  Full  Thermal  Cycles,  reaches 
the  prescribed  limit  the  blades  are  replaced.  In  the  rase  of  the  Rene  125  blades,  this  is 
equivalent  to  approximately  1000  hours  of  average  engine  operation.  However,  if  mission 
severity  is  harsh,  the  prescribed  number  of  EFTC  could  come  up  in  aj.preciably  fewer  hours. 
It  is  expected  that  the  DSR8(l  directionally  solidified  blades  will  have  about  twice  the  life 
of  their  predecessors. 

This  example  Is  typical  of  the  twenty  odd  components  of  the  F404  whose  life  usage 
is  assessed  by  counts  calculated  in  the  mission  computer  and  monitored  by  maintenance 
personnel.  However,  most  of  these  components  have  an  average  life  of  about  4000  hours 
which  is  equivalent  to  over  10  years  of  operation.  I  will  comment  further  on  condition 
monitoring  shortly. 

Returning  to  the  characteristics  of  the  engine,  it  is  noteworthy  that  the  sfc  for  non¬ 
afterburning  operation  is  similar  for  the  F404  and  TF30.  The  high  pressure  ratio  and  turbine 
inlet  temperature  of  the  former  off  setting  the  high  bypass  ratio  of  the  latter.  However,  the 
use  of  single  stage  turbines  have  abu  had  their  effect.  The  saving  in  weight  and  complexity 
has  been  obtained  at  the  cost  of  a  reduced  turbine  efficiency,  with  its  consequent  effect  upon 
the  sfc. 

Turning  now  to  the  afterburner,  the  low  bypass  ratio  aids  light  up  and  modulation  of 
thrust.  Thu  u  further  improved  by  employing  circumferential  modulation  rather  than  the 
more  common  radial  form,  which  can  be  unreliable  due  to  the  influence  of  the  cold  bypass  air. 
The  pilot  and  main  spray  bars  can  be  seen  in  Figure  26.  The  six  pilot  spray  bars  are  equally 
spaced  and  protrube  through  the  afterburner  case  and  liner  and  extend  into  the  flameholder. 
The  24  main  spray  bars  are  abo  equally  spaced  and  extend  radially  through  the  afterburner 
case  and  liner  and  beyond  the  flaoneholder  into  the  turbine  exhaust.  Fuel  b  pumped  out 
of  the  pilot  spray  bars  until  the  Light  Off  Detector  indicates  that  combustion  has  been 
establuhed  when  the  main  spray  bars  come  into  play,  the  number  utiUsed  being  dependent 
upon  the  degree  of  afterburning  called  for  by  the  Power  Lever  Angle.  Fuel  circulating  in 
the  main  fuel  manifold  during  non-afterbuming  operation  coob  the  dbtributor  valves,  so 
reducung  the  fill  time  when  afterburner  operation  b  initiated. 

As  noted  earlier,  the  nozzle  opens  up  with  the  degree  of  afterburning.  Thb  b  just  one 
function  of  the  control  system  which  consbts  of  a  hydro-mechanical  unit  for  control  at  powers 
less  than  Intermediate  Rated  Power  (IRP),  maximum  non-afterbummg  operation.  For  IRP 
or  afterburning  operation,  the  Electronic  Control  Unit  takes  over.  These  units  are  mounted 
on  the  lower  front  of  the  engine.  Figure  27  shows  the  layout  as  viewed  from  underneath.  In 
thb  way  the  infeasible  complexity  of  a  full  authority  hydro-mechanical  system  in  thb  type 
of  variable  geometry  engine  b  avoided.  Sufficient  research  has  been  done  on  Full  Authority 
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Digital  Elpctrmnif  Control  (FADEC)  systems  to  indicate  that  they  will  he  employed  on 
future  engines.  However,  at  the  time  of  the  F404  development  the  reliability  of  electronic 
control  units  in  the  harsh  environment  on  the  engine  casing  was  insufficiently  proven:  the 
hydro-mechanical  unit  provides  a  get-home  capability  in  the  event  of  failure  of  the  ECU. 

Some  functions  carried  out  by  the  control  system  are: 

•  limitation  on  corrected  fan  speed  to  prevent  stall  margin  erosion 

•  flow  restriction  in  supersonic  flight  to  maintain  intake  performance 

•  fuel  dip  and  variable  geomefrv’  resetting  during  rocket  firing 

•  scheduling  of  norzle  area  to  litnit  turbine  inlet  temperature 

•  scheduling  fuel  flow  to  limit  maximum  fan  spee<l 

•  limiting  back  pressure  on  core  engine  during  afterburner  operation 

•  limiting  maximum  and  minimum  combustor  casing  pressures 

•  scheduling  fuel  flow  for  engine  acceleration  and  deceleration 

The  main  control  operating  modes  in  both  dry  and  afterburning  operation  are  show-n 
in  Figure  28.  Figure  29  shows  the  scheduled  variation  at  IRP  of  exhaust  gas  temperature 
(T5)  and  fan  speed  (Nl)  with  inlet  temperature  (Tl)  to  prevent  stall  margin  erosion  for  Tl 
less  than  440  deg  R,  to  limit  compressor  maximum  pressure  at  low  altitudes  between  410 
and  530,  to  limit  the  turbine  inlet  temperature  between  500  and  650  and  to  limit  actual  fan 
speed  between  570  and  620. 

To  a  large  extent,  the  role  of  material  properties  and  structural  design  concepts  have 
only  been  implied  in  examining  the  features  of  this  engine.  These  factors  are  summarised 
in  Figures  30  and  31  which  serve  to  illustrate  the  range  of  materials  required  to  meet  the 
varying,  stringent  requirements  and  to  highlight  some  of  the  structural  features. 

OPERATION 

The  driver  of  a  motor  car  generally  expects  to  be  able  to  ignore  the  engine  of  his 
vehicle.  This  is  also  a  desirable  feature  for  the  fighter  pilot.  He  would  like  to  be  able  to 
use  the  throttle  to  assist  in  the  manoeuvring  of  his  aircraft  without  having  to  bear  in  mind 
operability  limitations.  The  F404  is  not  yet  fully  proven  but  there  is  reason  to  believe 
that  it  meets  the  requirements  listed  in  Figure  32.  It  is  certainly  a  very  responsive  engine 
and  the  features  built  into  its  control  system  ensure  that  it  will  not  have  the  problems  in 
operation  in  the  high-altitude,  cold  conditions  over  Darwin  that  have  characterised  the  Atar 
in  Mirage.  Figure  33  shows  the  operating  mode  of  the  engine  at  IRP  under  the  i%  extreme 
conditions  at  Darwin.  Under  cold  conditions  at  altitude  -  Darwin  and  Panama  have  the 
coldest  altitude  conditions  in  the  world  -  the  corrected  fan  speed  is  limited  to  104.4%  for 
low  Mach  Numbers  and  reduces  for  the  higher  speeds.  During  hot  day  operation  at  low 
level,  the  limiting  factor  is  turbine  inlet  temperature  for  all  practical  speeds. 

Thu  engine  is  designed  for  On  Condition  Maintenance,  a  concept  defined  in  Figure  34. 
It  is  a  novel  concept  for  the  ILAAF.  It  embraces  an  In-flight  Engine  Condition  Monitoring 
(lECMS)  -  Figure  35  -  to  provide  data  to  assess  the  life  usage  of  engine  components  due 
to  low  cycle  fatigue,  the  performance  status  of  the  engines  and  the  cause  of  exceedances  of 
engine  parameters.  The  RAAF  have  contracted  CAC  to  put  into  place  a  Maintenance  Data 
A:  Service  Life  Monitoring  System  (MD4;:SLMS)  to  process  this  monitoring  data  to  provide 
meaningful  information  to  the  maintenance  and  engrineering  personnel.  ARL  are  involved 
in  the  definition  and  proving  of  procedures  to  be  incorporated  in  this  system. 

The  information  extracted  in  the  MDItSLMS  from  the  lECMS  data  will  supplement 
information  on  the  condition  of  the  engines  provided  by: 

•  borescope  inspections 

•  analysis  of  the  debris  on  chip  detectors 

•  vibration  signatures 

•  spectrometric  oil  analysis 
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Figure  3C  shows  the  u\nnher  of  horoscope  ports  available.  Most  of  these  are  accessible 
with  the  engine  installed  in  the  aircraft.  The  location  of  the  chip  detectors  is  shown  in 
Figure  37  while  Figure  38  shows  the  location  of  vibration  acceleronieters  on  the  engine  for 
testing  in  a  cell.  The  one  marked  ECMS  is  also  on  the  installed  engine  and  sen'es  to  give 
warning  of  excessive  vibration  in  flight. 

The  maintainability  of  the  engine  is  further  facilitated  by  its  modular  construction. 
Figure  39  lists  the  potential  advantages  while  Figure  40  depicts  the  sLx  modules.  The 
impart  of  modular  maintenance  can  be  expected  to  vary  from  user  to  user  due  to  the 
different  parameters  in  the  logistic  relations. 

CONCLUSION 

The  F404  is  a  relatively  new  engine.  As  it  has  only  about  250,000  hours  up,  it  has  a 
long  way  to  go  before  it  reaches  maturity  at  one  million  hours.  Nevertheless,  the  tasks  being 
dealt  with  in  the  Component  Improvement  Program  seem  to  indicate  that  it  does  not  suffer 
any  of  the  major,  fundamental  problems  that  have  so  inhibited  earlier  engines.  There  is  good 
reason  to  believe  that  it  will  set  new  standards  for  military  engines  as  regards  oi>erability, 
availabilty,  reliability  and  maintainability.  However,  there  is  no  reason  to  believe  that  it  will 
be  exceptional  in  that  regard.  Newer  engines  are  predicted  to  follow  this  improved  trend. 

I  will  be  interested  to  hear  lectures  in  due  course  from  IL4AF  and  CAC  personnel 
on  experience  in  operating  and  maintaining  this  engine.  Certainly  there  Ls  much  to  be 
learnt  about  engine  operation  and  its  influence  on  maintenance  from  thge  vaste  amount  of 
condition  monitoring  data  being  acquired  through  the  MDA:SLMS.  Doubtless  there  will  also 
be  problems  but  1  will  be  surprised  if  the  overall  view  is  unfavourable. 
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HYPOTHETICAL  PERFORMANCE  OF  F/A-18  WITH  2  x  TFH30 


(Comparison  with  F/A-18  with  2 
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Development  Emphasis 
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F404-400  Reliability  Features 

Disciplined  Test-and-Fix  Program  During  Development 


All  Casings  Pressure-Tested 
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F404  Production  Plan 


The  Fighter  Turbofan  With 


High  Pressure  Turbine 


Low  Pressure  Turbine 


•  Single  Stage 


FIG.  24 
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Typical  Life/Temperature  Characteristic 


Material  T  echnoiogy 
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F404  Structures 


INCO  718  (Aft) 


F404  Turbomachinery 
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Forward  and  Aft  Retainers  and  Aft  Shaft 
•  Rene  95 


Excellent  Operability 
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Engine  Condition  Monitoring  System 
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LIFE  Usage  Indicators 
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Pr£-Pdst  Event  Record 
Performance  Trend  Record 


aiGHT  Incident  Record 
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